Summary.-Both misonidazole (MISO) and hyperthermia are known to enhance the radiation response of hypoxic cells, and to be selectively cytotoxic against cells in a hypoxic and acidic environment. The ability of these conditions to modify the effect of irradiation and their individual relationship was studied in a C3H mammary carcinoma and its surrounding skin.
radiosensitization of the normal tissue, so that the therapeutic ratio was only increased by a factor of about 3 compared to radiation alone.
Simultaneous MISO and radiation followed by hyperthermia 4 h later gave a moderate enhancement, with ER up to 3 in the tumour, but with no enhancement of the normal tissue, so that there is a similar 3-fold increase in therapeutic gain.
The mechanism by which MISO and hyperthermia enhanced the radiation response may be explained as an independent action of the hypoxic radiosensitization of MISO and the selective hyperthermic cytotoxicity against acidic and chronic hypoxic cells; simultaneous hyperthermia added a further heat-induced general radiosensitization. Surprisingly, no MISO cytotoxicity could be detected in this tumour system, with or without simultaneous hyperthermia.
The results indicate that in the proper treatment schedule, MISO may be a valuable addition to a combined hyperthermia and radiation treatment.
MISONIDAZOLE (MISO) and hyperthermia have a number of common features which make them potentially valuable in combined treatment with radiation for local tumour control.
Hyperthermia has been shown to sensitize to the effect of radiation. This occurs by several mechanisms including: direct increased cellular radiosensitivity, decreased accumulation of sublethal damage, and sensitization of cells in radioresistant phases of the cell cycle (Bronk, 1976; Dewey et at., 1977) . Furthermore, heat may sensitize hypoxic cells more than well oxygenated cells, thus causing a decreased oxygen enhancement ratio (Robinson et al., 1974a, b; Kim et al., 1975) . However, the data on this special effect on hypoxic cells are ambiguous (Power & Harris, 1977; Myers & Field, 1979) . The heat-induced radiosensitization is strongly dependent on the time of application of the two modalities. In general, optimal sensitization is obtained by simultaneous treatment, any interval between the two components tending to reduce the sensitization effect Overgaard, 1979b) . If hyperthermia is given more than 4 h after radiation, the direct radiosensitizing effect is lost. When studied in normal tissues and tumours in vivo, the radiosensitizing effect of hyperthermia is approximately similar, and it is doubtful whether a simultaneous treat-ment would improve the therapeutic ratio (Gillette & Ensley, 1979; Overgaard, 1979b) .
Besides its ability to act as a radiosensitizer, heat also has a direct cytotoxic effect, and may control experimental tumours with an acceptable degree of normal-tissue damage (Overgaard & Overgaard, 1972; Overgaard, 1978; Overgaard & Suit, 1979) . This cytotoxicity is strongly enhanced by certain environment factors, and moderate hyperthermia is able to destroy almost selectively cells in areas of chronic hypoxia, acidity and insufficient nutrition (typical of large areas of solid tumours) (Overgaard, 1976 (Overgaard, , 1978 Gerweck et al., 1979) . The fact that cells in such an environment are also the most radioresistant may indirectly influence the response to combined heat-radiation treatment, since a smaller radiation dose may be adequate to control the remaining better-oxygenated peripheral tumour cells. In contrast to the hyperthermic radiosensitization, this cytotoxic effect shows no time relation to the radiation treatment (Overgaard, 1978 (Overgaard, , 1979b .
Misonidazole was originally introduced as a drug which sensitizes hypoxic cells for radiation (Fowler et al., 1976; Denekamp & Fowler, 1978) . This sensitization occurs only in hypoxic cells, and there is no influence on the radiation response of cells situated in a well oxygenated environment such as in most normal tissues.
More recent studies have furthermore shown that under hypoxia MISO may also exhibit a direct cytotoxic effect (Hall & Roizin-Towle, 1975; Fowler et al., 1976; Brown, 1977; Foster, 1978) . This effect resembles that of hyperthermia in that increased acidity also increases the cytotoxicity of MISO against hypoxic cells (Stratford, 1977) . Both the radiosensitization of hypoxic cells and the cytotoxicity are dose-dependent; the radiosensitization generally occurs at lower doses than those causing measurable cytotoxicity effects in experimental solid tumours (Fowler et al., 1976) . Not only are both modalities similar in their effective mechanisms but hyperthermia itself may also enhance the cytotoxicity of MISO (Hall et al., 1977; Stratford & Adams, 1977; Bleehen et al., 1978) . However, detailed studies on these interactions are sparse. In particular, data on the effect in solid tumours are lacking. The present experiments were therefore undertaken to evaluate the relative influence of the radiosensitizing and cytotoxic effects of MISO and hyperthermia in a solid tumour and its surrounding tissue, in order to obtain an optimal therapeutic effect.
MATERIAL AND MIETHODS

Animal tumour system
Ten-12-week-old male and female C3D2F1/ Bom (C3H/Tify x DBA/2&) mice were used.
The animals were challenged with a spontaneously arisen C3H/Tif mammary carcinoma, which was propagated by serial transplantation. Tumour material for inoculum was obtained by sterile dissection of large flank tumours. Macroscopically viable tumour tissue was minced with a pair of scissors, and 5-10 dul of this minced tumour was injected into the foot on the right hind limb of the experimental animals. The transplant take was over 9500.
Treatment
Treatment was given to tumours with a volume of ' 200 mm3 as determined by the formula D1 x D2x D3x T/6 where the Ds represent 3 orthogonal diameters. This treatment size was normally obtained about 14 days after inoculation. All treatments were given to unanaesthetized animals which were placed in a lucite jig with the tumourbearing leg loosely fixed with tape without impairing the blood flow to the foot (Fig. 1) .
Hyperthermia. Local hyperthermia was administered with the tumour-bearing leg immersed in a circulating water bath (Heto type TE 623 or T 643) stabilized to + 0-02°C of the adjusted temperature. The water bath was covered with a lucite plate with holes allowing immersion into the water of the tumour-bearing leg. Previous measurements of intratumoural temperature have shown stabilization within a few minutes to approximately 0 2°C below the water-bath tempera- ture (Overgaard & Suit, 1979; Overgaard, 1979b (Fig. 2) . The remaining part of the animals was shielded with 4mm lead. For radiation given simultaneously with hyperthermia, the water bath was heated to a desired temperature. For all other radiations, the water bath had room temperature.
Mi8onidazole.-The drug was obtained through Roche Ltd, Copenhagen (by courtesy of Rud Hammer Jensen). It was dissolved in isotonic saline to a concentration of 20 mg/ml. This solution was injected i.p. into nonanaesthetized mice 30 min before the start of the irradiation. For treatments given simultaneously with hyperthermia, the drug was injected 5 min before the hyperthermic treatment, and radiation was then started after an additional 25 min. In experiments analysing the cytotoxicity of MISO, the drug was given either immediately or 4 h after irradiation.
Evaluation of results
The animals were followed up with intervals of at least one week up to 120 days after treatment.
The response to treatment was measured as the radiation dose which would on the average be expected to control 50% of the treated tumours (TCD5o) at 120 days. The response of the normal tissue was determined as the radiation dose required to achieve a computed by logit analysis (Suit et al., 1965) . The effect on the radiation response of an additional treatment was calculated as the "enhancement ratio" (ER) which is the radiation dose required to obtain a given end-point (TCD50 or DD5o) with radiation alone relative to the radiation dose needed to obtain the same response with combined treatment.
Based on the ERs obtained in a given treatment schedule, a "therapeutic gain factor" (TGF) w-as calculated as the ER for the tumour relative to the ER for the normal tissue. This therapeutic gain factor was the ultimate objective of the study.
RESULTS
Effect of misonidazole
Administration of MISO 30 min before irradiation caused a significant decrease in the radiation TCD5o (Table I ). The effect depended on the drug dose, yielding ERs of 1-65 and 2-18 for doses of 0 5 mg/g and 10 mg/g MISO, respectively. This enhancement was obtained without altering the radiosensitivity of the surrounding skin, and therefore represented a similar improvement of the therapeutic effect. Single doses of MISO up to 1 mg/g after irradiation did not alter the TCD50 significantly. Thus, in the present tumour MISO in single doses showed hypoxic radiosensitization without direct cytotoxicity against hypoxic cells.
Effect of hyperthermiia
As previously reported, the effect of hyperthermia depended on the sequence and interval between radiation and heat (Overgaard, 1 979b) . Simultaneous treatment produced the greatest thermal en- (Table  II) . On the other hand, selective tumour cytotoxicity was expressed if the hyperthermia was given 4 h after radiation.
Such treatment reduces the TCD50, but did not enhance the radiation response in the surrounding normal tissue (Table  III) . A sequential treatment thus improved the therapeutic gain. It is reasonable to assume that the effect of simultaneous hyperthermia and radiation treatment is mainly due to hyperthermic radiosensi- The interaction between hyperthermia and MISO was first studied in a treatment schedule where the modalities were applied simultaneously (Table II) . Such a treatment caused a dramatic increase in the ER of the radiation response in the tumours, ER of up to about 15. This effect was considerably more than additive. The increased ER was due to both the dose of MISO and the heat treatment with the latter as the most decisive factor (Fig. 3) .
Although (Tables II  and V) .
Effect of sequential multimodality treatment
In order to investigate the relative importance of hypoxic radiosensitization and the direct hypoxic cytotoxicity, the To evaluate whether the hypoxic radiosensitization could be enhanced by the selective hyperthermic cytotoxicity against radioresistant tumour cells, MISO was given simultaneously with (i.e. 30 min before) radiation and then followed after 4 h by local hyperthermia (Table III) . Such treatment increased the ER (Fig. 4) . The enhancement was dependent primarily on the heat treatment, whereas an increase in MISO dose from 0 5 to 1.0 mg/g only caused a slight reduction in TCD50. The ERs were considerably smaller than those found when all treatment modalities were given simultaneously, and did not exceed values about 3. However, such treatment did not affect the radiation response in the normal tissue, so the enhanced tumour effect represented therapeutic gain (Tables III and V) .
To investigate whether hyperthermia was able to enhance the potential MISO cytotoxicity against hypoxic cells, a hyperthermic treatment of 42 5°C for 60 min was given simultaneously with 1 mg/g MISO 4 h after a graded dose of radiation. Such a treatment resulted in a TCD50 of 3674 rad (ER 1.53) as compared to the TCD50 of 3692 rad (ER 1.52) found for radiation and hyperthermia alone given in the same schedule (Table III) . Thus this tumour system shows no thermal enhancement of MISO toxicity which would influence the radiation response. Similarly no additional cytotoxic effect ofMISO was found in tumours treated with simultaneous heat and radiation, since a simultaneous treatment with 43-5°C for 60 min and radiation followed after 4 h by MISO (0.5 mg/g) gave almost the same ER as when the heat and radiation were given alone (Table II) .
Toxicity
Neither hyperthermia nor MISO, in the doses used here, caused any acute toxicity (estimated as lethality effect) when given as individual treatment. However, the toxicity of MISO was greatly enhanced by simultaneous treatment with hyperthermia at 43°C for 60 min (Table IV) as previously observed (Overgaard, 1979a) .
The use of F, hybrid C3D2F1 mice instead of our inbred C3H strain reduced the cytotoxicity to some extent, probably because this hybrid strain is more resistant to thermal stress than C3H mice. The increased toxicity was only found after simultaneous treatment, and in schedules where the application of MISO and heat was given with a 4 h interval, there was no increased lethality (Table IV) . Therapeutic ratio
In order to estimate the therapeutic effect of the different treatment schedules, a therapeutic gain factor (TGF) was calculated for each schedule (Table V) . The multimodality treatment generally improved the TGF. This was enhanced with increasing doses of MISO and/or hyperthermia, but was almost independent of whether hyperthermia was applied simultaneously with or sequentially after irradiation. This was because, although a simultaneous treatment considerably increased the ERs in the tumours, such treatment also caused a marked hyperthermic sensitization of the radiation damage in the normal tissue. In contrast, in treatment schedules where hyperthermia was given sequentially, the tumour response was selectively enhanced without any changes in the radiation effect in the skin. Thus, no treatment schedules exceeded the TGF of 3.
DISCUSSION
The present investigation demonstrates that hyperthermia and MISO can influence the radiation response in an experimental tumour in vivo. The interaction and treatment response strongly depended on the sequence and timing of the 3 treatment modalities.
By far the greatest effect was obtained by a simultaneous treatment with MISO and hyperthermia, administered immediately before or during radiation therapy. Such treatment produced ERs up to 15. This enhancement was dependent on both the sensitizer dose and the temperature, but simultaneous treatment caused in all schedules an ER greater than the product of the ERs whether MISO or hyperthermia alone was added to the radiation. This indicates an interaction between the two modalities when given simultaneously, which was only detected in tumours, whereas the normal tissue was not influenced by the administration of MISO, and only expressed a thermal radiosensitization similar to that previously described for this system (Overgaard, 1979b) .
Although ERs of up to 15 were observed for the simultaneous multimodality treatment, the individual effect of either simultaneous MISO or hyperthermia was AIISO (mg/g) 0 5
1-0 not different from what has previously been described in other tumour systems (Robinson et al., 1974a; Fowler et al., 1976; Brown, 1977; Denekamp & Fowler, 1978; Overgaard, 1978 Overgaard, , 1979b .
The effect of combined hyperthermia and MISO has previously been studied in solid tumours alone or in combination with radiation (Bleehen et al., 1977; George et al., 1977; Porschen et al., 1978; Stone, 1978) . With a single exception, the end-point has been in vitro survival or growth delay, and only Stone (1978) has studied the effect of combined hyperthermia and MISO on the TCD50 radiation dose. In this study, on a C3H mammary carcinoma, the individual enhancement ratio of MISO (1 mg/g) was 2-51, that of hyperthermia (43°C for 60 min) 1P73, and the combined treatment showed 5 03. Thus increases in ER similar though not identical to the findings in the present study were observed. However, Stone gave the heat treatment immediately after radiation, which may explain the lower ER, since a simultaneous heat and radiation treatment appears to be critical to achieve the maximal hyperthermic radiosensitization (Overgaard, 1978 (Overgaard, , 1979b Gillette & Ensley, 1979) . Unfortunately, Stone has not described any hyperthermia-induced radiosensitization in the normal tissue. Consequently a comparison of his therapeutic effect with those observed in the present study is difficult.
The mechanism of the marked enhancement induced by simultaneous hyperthermia, MISO and radiation treatment is not known. Data based on in vitro assays have shown a marked hyperthermic enhancement of the MISO toxicity, especially towards hypoxic cells (Hall et al., 1977; Sridhar & Sutherland, 1977; Stratford & Adams, 1977 ). This appears, however, not to be a significant factor in our tumour system. Further MISO treatment does not significantly increase the delay in tumour growth relative to the effect of heat alone. Since the effect is selective for tumours, it must be associated to certain conditions characteristic of solid tumours. In several cell lines, Hofer has observed that 41°G' given simultaneously with MISO and radiation-sensitized hypoxic cells with ERs of about 4-1-4-3 in cell lines where the OER did not exceed 3 (Hofer et al., 1977; Hofer, 1978) . Thus, hypoxic cells became even more sensitive than oxygenated cells exposed to radiation alone. A similar sensitization of hypoxic cells in the present tumour may account for some of the ERs obtained.
However, the effect of simultaneous radiation and hyperthermia is complex. Although the thermal enhancement is about the same in tumours and normal tissue, the mechanism may be partly different. In the skin, the TER values probably represent a hyperthermic radiosensitization of oxygenated cells, whereas the tumour enhancement is a result of thermal radiosensitization of tumour cells as well as the direct hyperthermic cytotoxicity against acidic and chronic hypoxic ceP.Iq.
The high radiation enhancement obtained by a simultaneous multi-modal treatment may be explained by considering the tumour to be composed of two different compartments of cells: (a) hypoxic cells which are selectively destroyed or sensitized by a hypoxic radiosensitizing effect of MISO combined with the hyperthermic cytotoxicity (expressed by the effect shown in Table III ) and (b) well oxygenated cells which are exposed to hyperthermic radiosensitization (similar to the thermal enhancement of normal tissue shown in Table II ). These oxygenated cells are not influenced by the effect of MISO nor the direct hyperthermic cytotoxicity.
By assuming independent action on the two different cell compartments of the combined treatment, the overall tumour enhancement will be the product of the ER for the radiation response of hypoxic cells and the ER for the radiation response of well oxygenated cells. Table VI (Overgaard, 1976; CGerweck et al., 1979; Suit & Gerweck, 1979 (12-84-18-77) for both MISO and heat treatment in this schedule may be explained by an "overkill" effect on hypoxic cells; thus a high proportion of the hypoxic cells is both sensitized by MISO and destroyedby hyperthermia. Any significant heat enhancement of MISO toxicity is unlikely to be seen in this treatment schedule because the concentration ofMISO at the time of hyperthermia may be low, owing to the short half-life of the drug in mice (McNally et al., 1978) and because no enhancement of drug toxicity against hypoxic cells was found in tumours where both MISO and hyperthermia were administrated simultaneously 4 h after irradiation.
The lack of hyperthermic enhancement of the cytotoxic effect of MISO on hypoxic cells was surprising, since almost all studies in cell lines in vitro have shown a marked heat-dependent increase in this druginduced cytotoxicity (Hall et al., 1977; Sridhar & Sutherland, 1977; Stratford & Adams, 1977 ). An explanation of this could be that the MISO toxicity is expressed primarily in the chronic hypoxic areas of the tumour tissues (which are likely to be more acidic) since increased acidity may also enhance the MISO cytotoxicity (Stratford, 1977) . However, cells in such areas are almost completely destroyed even by a moderate heat treatment (e.g. 42-50C for 60 min) as evidenced by histological examination of heated tumours (Over-gaard & Overgaard, 1972; Overgaard & Nielsen, 1979; Overgaard, 1979b) . Thus both the cytotoxicity of hyperthermia and of MISO attack the same cell population and the effects may overlap each other and induce "overkill" of chronic hypoxic cells. Furthermore, the degree of MISO-induced cytotoxicity against hypoxic cells is probably relatively small in this tumour system, since the TCD50 dose was not influenced by a postradiation treatment with MISO alone in single doses up to 1 mg/g.
Clinical implications
Provided that the present data are representative for the general tumour response, combined MISO, hyperthermia and radiation therapy may have great potentials for improving local tumour control.
The clinical treatment strategy depends on whether or not selective tumour heating is possible. If the tumour can be heated to higher temperatures than the surrounding normal tissue, it is likely that a simultaneous multimodality treatment may enhance the radiation response in the tumour and thereby improve the therapeutic gain. If both tumour and critical normal tissue are heated to the same degree, the optimal treatment schedule would appear to be simultaneous MISO and irradiation, followed after several hours by hyperthermia. Such therapy may selectively enhance the tumour response due to an increased radiosensitivity and/or selective cytotoxic destruction of hypoxic cells, and therefore in turn improve the therapeutic ratio.
The heat doses in this experimental study are within the range that is clinically acceptable, whereas the MISO would have to be given in smaller doses in man (Dische, 1978) . The effect seems, however, more dependent on the hyperthermia than on the drug dose, and it is likely that the effect of the multimodality treatment will also be expressed with MISO doses within the clinically acceptable range in man.
However, before being introduced into clinical therapy, it ought to be investigated whether the hyperthermic enhancement of acute MISO toxicity in mice (Overgaard, 1979a ) also operates in humans. The combination of MISO, hyperthermia and radiation appears so promising that the potential for such therapy should be further explored.
